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Primordial germ cellor suppressor gene,Wt1, encodes a transcription factor critical for development
of the urogenital system. In teleost ﬁsh, however, two wt1 genes have been identiﬁed. In medaka wt1a is
expressed in the lateral plate mesoderm during early embryogenesis. Later in development, wt1a is
additionally expressed in the somatic cells of the gonadal primordium. We show here for the ﬁrst time that in
teleosts wt1 gene expression is observed during gonad development. Wt1b is expressed later during
embryogenesis and is not expressed in the gonadal primordium. Analysis of morpholino knockdown
experiments revealed functions of wt1 genes in pronephros development. Unexpectedly, by down-regulating
Wt1a protein we observed wt1b expression during embryogenesis in the wildtype wt1a expression domains
including somatic cells of the gonadal primordium. Interestingly, neither wt1a nor wt1b morphants showed
effects on the gonad development, whereas the double knockdown of wt1a and wt1b displayed strong
inﬂuences on the number of primordial germ cell (PGC) during gonad development. Our results indicate that
medaka wt1 co-orthologs show genetic redundancy in PGC maintenance or survival through responsive
backup circuits. This provides ﬁrst evidence for a conditional co-regulation of these genes within a
transcriptional network.
© 2008 Elsevier Inc. All rights reserved.Introduction
Gene and genome duplication are implicated to be an important
mechanism for the evolution of phenotypic complexity, diversity, and
the origin of novel gene functions (Ohno, 1970). However, indepen-
dent of the mechanism by which gene duplicates arise, an entirely
redundant copy is unlikely to be maintained in the genome for a long
time (Lynch and Force, 2000). Several fates of duplicated genes have
been postulated and the most likely fate is that one of the gene copies
accumulates mutations, which render the gene non-functional
(nonfunctionalization). Alternatively, the partitioning of subfunctions
between the gene duplicates can occur (subfunctionalization). The
third possibility is that one gene acquires a new advantageous
function (neofunctionalization). The latter two scenarios are asso-
ciated with the maintenance of gene duplicates during evolution
(Force et al., 1999; He and Zhang, 2005; Lynch and Force, 2000; Taylor
and Raes, 2004). Recently, an additional model has been proposed
by which neofunctionalization can follow subfunctionalization (sub-
neo-functionalization) resulting also in the preservation of the
duplicated genes (He and Zhang, 2005; Rastogi and Liberles, 2005).
Two rounds of whole-genome duplication have occurred early in
the vertebrate lineage (2R hypothesis) (Dehal and Boore, 2005;
Putnam et al., 2008). An additional whole genome duplication
occurred ∼350 million years ago in ray-ﬁnned ﬁsh (3R hypothesis)e (M. Schartl).
l rights reserved.(Kasahara et al., 2007; Meyer and Schartl, 1999; Meyer and Van de
Peer, 2005; Postlethwait et al., 2004). Subfunctionalization is
consistent with the maintenance of many duplicated genes in ﬁsh
(Force et al., 1999; Postlethwait et al., 2004). Subfunctionalization of
temporal and spatial expression domains can maintain the protein
function of the co-orthologous gene products more or less alike, so
they would be theoretically able to substitute for each other.
In man and mouse the Wilms' tumor gene (WT1) encodes a zinc
ﬁnger transcription factor that is inactivated in a subset of Wilms'
tumors (Gessler et al., 1990; Haber et al., 1990). Mutations in WT1 in
humans lead to anomalies of kidney and gonad development and
cause a variety of syndromes (Barbaux et al., 1997; Gessler et al., 1990;
Klamt et al., 1998). WT1 expression in kidney and gonad in mammals
reﬂects the coordinate development of both organs. However in ﬁsh
sexual development is uncoupled from kidney development. There-
fore it was interesting to study the function of wt1 genes in a teleost
ﬁsh. Here, we identiﬁed wt1 co-orthologs, wt1a and wt1b, in medaka,
which are differentially expressed in overlapping as well as distinct
areas during embryonic development. Speciﬁcally, wewere interested
to study the functions of wt1 co-orthologs during gonad development
in the medaka. The medaka offers a good opportunity to study the
molecular basis of sex determination and differentiation because
medaka is the ﬁrst and so far only non-mammalian vertebrate in
which a male sex determining gene, dmrt1bY/dmy, has been identiﬁed
(Matsuda et al., 2002; Nanda et al., 2002). Other genes that are
involved in the sex-determination cascade of mammals have also
been identiﬁed in the medaka and are expressed in the developing
180 N. Klüver et al. / Developmental Biology 325 (2009) 179–188gonad e.g., sox9b, amh and amhr2, but their speciﬁc functions are
barely understood (Kluver et al., 2005, 2007; Nakamura et al., 2008,
2006).
It was shown that somatic gonadal precursors in medaka embryos
are present before the formation of a gonadal primordium (Nakamura
et al., 2006). These somatic gonadal precursors arise from the lateral
plate mesoderm (LPM) at the early segmentation stage. The gonadal
primordium is already formed at developmental stage 30 (3 days 10 h).
Ftz-f1 (sf-1) and sox9b are expressed in the somatic cells of the gonad
primordium. We show that medaka wt1a is expressed in the LPM and
wt1b is co-expressed with wt1a in the pronephric ﬁeld. However, wt1
genes have no inﬂuence on somatic cells of the gonad primordium,
whereas wt1 genes are involved in PGC maintenance and/or survival.
Unexpectedly, we identiﬁed a regulatory link between wt1a and wt1b
co-orthologs and obtained evidence for functional redundancy of
medaka Wt1 proteins in PGC maintenance or survival.
Materials and methods
Maintenance of ﬁsh
Medakas from closed breeding stocks of the Carbio (Carolina
Biological Supplies) strain were kept under standard conditions.
Embryos were raised at 26±1 °C and staged according to Iwamatsu
(2004).
Phylogenetic analysis
We performed a BLASTN search on the medaka genome database
(http://dolphin.lab.nig.ac.jp/medaka/) using the medaka wt1 cDNA
sequence (GenBank Accession no. AB070576) as query. Thereby we
identiﬁed scaffold9 with exact identity and additionally scaffold45
(Medaka WGS current release version 1.0) with ∼65% sequence
identity. Vertebrate WT1 protein sequences were aligned with
ClustalW (Thompson et al., 1994) as implemented in BioEdit (Hall,
1999). The maximum likelihood phylogeny was computed with
PHYML (Guindon and Gascuel, 2003; Guindon et al., 2005) with
500 bootstrap replicates. The appropriate model of protein evolution
(JTT+G) was determined with ProtTest (Abascal et al., 2005). MEGA3
(Kumar et al., 2004) was used to obtain neighbor-joining bootstrap
values of 100,000 replicates. For relative rate analyses, we applied the
nonparametric rate test as implemented in MEGA3 (Kumar et al.,
2004) and compared Wt1 co-orthologs from teleosts with their
human ortholog.
Accession numbers
GenBank accession numbers are as follows: medaka O. latipes
BAC10628 (Wt1a) and ABG36854 (Wt1b); human H. sapiens CAI95759
(WT1); mouse M. musculus NP_659032 (Wt1); chicken G. gallus
NP_990547 (Wt1); frog X. laevis BAA11522 (Wt1); zebraﬁsh D. rerio
AAF00123 (Wt1a) and ABA29002 (Wt1b); Green-spotted pufferﬁsh T.
nigroviridis CAF97509 (Wt1a) and CAG05705 (Wt1b); Fugu T. rubripes
CAA16491 (Wt1b), rainbow trout O. mykiss AAK52719 (Wt1a1),
AAK52720 (Wt1a2), AAK52722 (Wt1b1) and AAK52723; Japanese
eel A. japonica BAA90558 (Wt1b), Mouse Wt1dE4 (CAM18168). Other
sequences were retrieved from the Ensembl genome browser (www.
ensembl.org): Fugu SINFRUP00000133379 (Wt1a); stickleback G.
aculeatus ENSGACP00000004320 (Wt1a) and ENSGACP00000021145
(Wt1b).
RNA-isolation and PCR analysis
Total RNAs were extracted from adult medaka organs using the
Total RNA Isolation Reagent (ABgene) according to the supplier's
recommendation. After DNAse treatment reverse transcription wasdone with 2.5 μg total RNAs using MMLV Reverse Transcriptase
(Invitrogen) and random primers. PCR products were cloned into
TOPO pCRII vector (Invitrogen). Individual clones were sequenced
using the CEQTMDCTS dye terminator cycle sequencing kit and run on
a CEQTM 2000XL DNA sequencing system (Beckman-Coulter).
To analyze the wt1a and wt1b expression pattern by RT-PCR, gene
speciﬁc primers were designed. Ola_wt1a_F01 5′-CCCCAGCAG-
GATGTTCAGTA-3′; Ola_wt1a-R2 5′-TTGTGCAGCTGTCTGAAGGT-3′,
Ola_wt1b_F02 5′-GTACCTGCCCAGCTGTATGG-3′, Ola_wt1b_R01 5′-
TTGGGAGTGGATTCTGAAGG-3′, β-actin primers (Act1 5′- GTAGGT-
GATGAAGCCCAGAGC -3′; Act2 5′- AGGGAGCTCGTAGCTCTTCTC -3')
and ef1a1 primers (MF_ef1a1_f01 5′- GCCCCTGGACACAGAGACTT-
CATCA -3′; MF_ef1a1_r01 5′- AAGGGGGCTCGGTGGAGTCCAT -3′).
PCR conditions were 30 cycles of 96 °C for 30 s, 52 °C for 30 s and
72 °C for 60 s.
Semi quantitative realtime PCR
Total RNA was extracted from morpholino injected medaka Carbio
embryos at different stages of development (Stages 19, 21 and 25
according to (Iwamatsu, 2004) using Total RNA Isolation Reagent
(ABgene) according to the supplier's recommendation. After DNase
treatment, reverse transcription was performed with 2 μg total RNA
using RevertAid First Strand Synthesis kit (Fermentas) and oligo dT
primer. Real time quantitative PCR was carried out with SYBR Green/
FITC reagents and ampliﬁcations were detected with an i-Cycler
(Biorad). All results are averages of two independent RT reactions and
3 PCR reactions from each RT reaction. Relative expression levels
(according to the equation 2−ΔCT) were calculated taking elonga-
tion factor 1α (ef1a1) as a reference.
In situ hybridization
RNA whole-mount in situ hybridization were performed as
previously described (Kluver et al., 2005). For in situ hybridization
on sections, tissues were ﬁxed in 4% paraformaldehyde in 0.85×PBS at
4 °C overnight. After ﬁxation, tissues were embedded in parafﬁn and
cross-sections were cut at 4–6 μm. Sections were deparafﬁnized,
hydrated and ﬁxed in 4% PFA/0.85×PBS, treated with 1 μg/ml
proteinase K (Roche) for 10–15 min, postﬁxed in 4% PFA/0.85×PBS
and then hybridizedwith sense and antisense DIG-labeled RNA probes
at 60 °C for 18–24 h. Hybridization signals were then detected by using
alkaline phosphatase conjugated anti-DIG antibody (Roche) and BM-
purple (Roche) as chromogen.
The wt1a probe for in situ hybridization was obtained by cloning
full length ORF using the primer Ola_wt1aF1 5′-ATGGGTTCAGATGT-
TCGTGACC-3′ and Ola_wt1aR1 5′-AAACTGGGATGGCTCAGATG-3′ into
TOPO pCRII vector (Invitrogen). The resulting plasmid pCRII wt1awas
linearized with PstI and antisense RNA was prepared using the SP6
RNA polymerase (Roche, Mannheim). The wt1b probe for in situ
hybridization was obtained by cloning a partial cDNA sequence
Ola_wt1bF1 5′-ATGTCGGTGGGTTCAGATGT-3′ Ola_wt1bR02 5′-GTTG-
GTGACAG-CGTGTCCT-3′ into TOPO pCRII vector (Invitrogen). The
resulting plasmid pCRII wt1b was linearized with HindIII and
antisense RNA was prepared using the T7 RNA polymerase (Roche,
Mannheim). Antisense DIG-labeled RNA probes for sox9b and olvas
were prepared using a DIG labelling kit (Roche).
Morpholino microinjections
Morpholinos were obtained from Gene Tools, LLC. The antisense
oligonucleotide sequences were designed to bind to the start codon
(ATG-morpholino). Additionally, a splice-morpholino for wt1a was
designed to the intron1/exon2 splice site. Sequences were as follows:
MO-Olawt1a(ATG) 5′-TCAGGTCACGAACATCTGAACCCAT-3′; MOwt1a
(I/E2) 5′-GTGCTGTAACCTGCAACACAGAAAA-3′; MO-Olawt1b(ATG) 5′-
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match Morpholino coMOwt1ab 5′- TGAGGTCACGAACAACTCAAGC-
CAC -3′. Morpholinos were resuspended to 25 mg/ml in sterile water.
For knockdown and clonal analyses, embryos were microinjected at
the one cell stage with speciﬁc MOs. Single knockdown experiments
were performed at concentrations 2 to 10 mg/ml. Double knockdown
experiments were performed with 5 mg/ml of ATG-morpholinos
(each 2.5 mg/ml). Concentrations of 3–4 mg/ml were used for
coMOwt1ab control experiments.
Cell culture, transient transfections and luciferase assays
The wt1b promoter DNA was obtained by PCR using a genomic
DNA from medaka Carbio with 5′- AGTCCCAAGTCCGTTGTAATG -3′
and 5′- GGCTCCACACGGTTCAGTCAA -3′ as primers and cloned into
pCRII-zero Blunt Vector (Invitrogen). The fragment of wt1b promoter
was subclonedwith BamHI and XhoI into a luciferase reporter plasmid
(Pwt1b::Luc+). Human embryonic kidney cells (293T) were trans-
fected using Lipofectamine. Total DNA transfected per well was kept
constant at 1 μg/well, for control pEGFP-C1 instead of pCDNA3.1-wt1a
(−KTS) plasmid was added. Pwt1b::Luc+ and pCDNA3.1-wt1a(−KTS)
800 ng (ratio 1 to 1 or 1 to 8) plus 100 ng Renilla luciferase plasmid.Fig. 1. Sequence analysis and phylogeny of medaka Wt1a and Wt1b. (A) Protein alignme
conservative substitutions are shown by colons, and semi-conservative substitutions are in
domains are highlighted by grey boxes. The KTS sequence is indicated by grey letters. Numb
wt1b. Arrows indicate positions of the KTS insertion. Double-slashes demonstrate shortening
splicing. (C) Maximum-likelihood phylogeny of vertebrateWt1 proteins based on 493 AA pos
Numbers at the branches denote bootstrap values (maximum likelihood/neighbor joining). B
(FSGD), two paralogs, Wt1a and Wt1b, are present in teleost genomes. In rainbow trout
autotetraploidization (Brunelli et al., 2001). (D) Comparison of neighboring genes on Wt1 l
zebraﬁsh Dre18 and Dre25, and human Hsa11. Wt1 genes are highlighted in bold letters. Lin
the two species.Fireﬂy luciferase and Renilla luciferase readings were obtained using
the Dual-Luciferase Reporter Assay System (Promega).
Results
Identiﬁcation of two wt1 genes in medaka
We identiﬁed twowt1 genes in themedaka genome comparable to
the situation in zebraﬁsh (Bollig et al., 2006). The two medaka wt1
genes were designated wt1a and wt1b. The reconstructed full-length
open reading frames (ORF) of wt1a and wt1b are encoded by nine
exons. The conceptual translation revealed proteins with an overall
63% amino acid identity, but with a much higher sequence identity of
88% in the zinc-ﬁnger regions (Fig. 1A). By sequencing several
independent wt1a and wt1b cDNAs we obtained the +KTS and −KTS
tripeptide splice isoforms (Figs. 1A, B). The KTS is located between the
zinc ﬁnger domains 3+4. Studies in mammalian systems revealed that
the WT1 +KTS and −KTS isoforms serve distinct functions within the
nucleus and differ in theirs binding afﬁnity to nucleic acids. The −KTS
isoforms are generally more active in transcriptional regulation,
whereas +KTS products have been shown to colocalize with splicing
factors (Haber et al., 1991; Hammes et al., 2001). Additionally, innt of medaka Wt1a and Wt1b. Identical amino acids (aa) are indicated by asterisks,
dicated by commas. Gaps in the sequences are represented by dashes. The zinc ﬁnger
ering on top refers to exon boundaries. (B) Exon/Intron structure of medaka wt1a and
of the intronwith the intron length in base pairs (bp). Dashed line indicates alternative
itions. The tree is mid-point rooted since a suitable outgroup for rooting is not available.
ootstrap values above 50% are shown. As result of the ﬁsh-speciﬁc genome duplication
(O. mykiss), these genes have been further duplicated during the salmonid-speciﬁc
ocated chromosomes. Wt1 genes are located on medaka chromosomes Ola3 and Ola6,
es between the compared chromosomes connect positions of orthologous gene pairs in
Fig. 2. Expression pattern analysis of wt1 genes. (A) Temporal expression pattern of wt1a and wt1b during early medaka development. Zygotic expression starts at stage 11 (Aizawa
et al., 2003). (B–M) Spatiotemporal expression pattern ofwt1 genes during embryogenesis. The arrowheads mark positive signals of wt1 gene expression domain. g, gut; nd, nephric
duct. (N) Expression of wt1 genes in adult tissues.
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(wt1a_dE4), which as well was present in the +/−KTS isoform, while a
wt1b sequence lacking exon 4 was never detected (Fig. 1B).
wt1a and wt1b arose from the whole genome duplication in
ray-ﬁnned ﬁsh
For phylogenetic analyses, the medaka wt1a and wt1b were
compared to wt1 genes in other teleost species. Like medaka
other teleosts have two wt1 genes including zebraﬁsh, the puffer-
ﬁshes Tetraodon nigroviridis and Takifugu rubripes, and stickle-
back (Gasterosteus aculeatus). Interestingly, the rainbow troutTable 1
Nonparametric relative rate tests of Teleost wt1(−KTS) paralogs
Species Genea Nucleotide sequence (ﬁrst and second co
Sites Unique differences
Oryzias latipes wt1a 804 73
wt1b 115
Danio rerio wt1a 795 56
wt1b 95
Tetraodon nigroviridis wt1a 834 66
wt1b 98
Gasterosteus aculeatus wt1a 796 119
wt1b 141
a Genes that show statistically signiﬁcant increase in rate of molecular evolution are indi
b χ2-tests: ⁎Pb0.2, ⁎⁎Pb0.01, ⁎⁎⁎Pb0.001.(Oncorrhynchus mykiss) has four wt1 genes. Conversely, only one wt1
gene was identiﬁed in species of the tetrapod lineages. Phylogenetic
analysis between the different Wt1 proteins revealed two distinct
teleost speciﬁc groups of Wt1 proteins, the Wt1a and Wt1b,
respectively. The Wt1 of the tetrapod lineage branched into a
separated group (Fig. 1C). Thus, it can be inferred that the duplication
of wt1 occurred in the ﬁsh lineage after the divergence between land
vertebrates and ray-ﬁnned ﬁsh lineage around 450 million years ago.
To verify that the wt1 co-orthologs in teleosts originate from the
ancient whole genome duplication in ray-ﬁnned ﬁsh we analyzed the
synteny of wt1-bearing chromosomes in different species. Wt1a in
medaka and zebraﬁsh are located on linkage groups Ola6 and Dre25,don position) Amino acid sequence
Signiﬁcanceb Sites Unique differences Signiﬁcanceb
⁎⁎ 369 45 ⁎⁎
76
⁎⁎ 370 33 ⁎⁎
60
⁎⁎ 404 40 ⁎⁎
69
⁎ 362 52 ⁎
72
cated in bold.
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zebraﬁsh wt1b is located on Ola18 (Fig. 2). Altogether, the Ola3 and
Ola6 of medaka, and Dre18 and Dre25 of zebraﬁsh showed strong
synteny to each other, and to human chromosome Hsa11 onwhich the
human WT1 is located. This is strong support for the hypothesis that
the wt1 gene duplicates in teleost ﬁsh arose from the ﬁsh-speciﬁc
genome duplication (FSGD).
Compared to the human WT1 protein, medaka Wt1a has 68%
amino acid identity to human WT1, whereas Wt1b has only 61%.
Additionally, nonparametric relative rate tests at the nucleotide level
as well as at the protein level with MEGA (Tajima-Nei Test) revealed
that wt1b in four different teleost species (medaka, zebraﬁsh,
stickleback, pufferﬁsh) evolved with a signiﬁcantly faster rate of
molecular evolution than wt1a (Table 1).
Spatiotemporal expression of wt1a and wt1b during
medaka embryogenesis
Both wt1a and wt1b transcripts are detectable during early stages
of development before midblastula transition (stage 11), the process
in which zygotic transcription is initiated (Aizawa et al., 2003), and
therefore are maternally deposited. In contrast, after midblastula
transition only wt1a was expressed, whereas wt1b was ﬁrst
detectable at stage 23 (Fig. 2A). Spatially, wt1a was expressed at
stages 19 and 21 in the lateral plate mesoderm (LPM) (Figs. 2B, C).Fig. 3. Effects of wt1 morpholino knockdown on somatic gonadal mesoderm and PGCs. (A–F
expression in the wt1a expression domains. The arrowheads mark positive signals of wt1b g
Real time PCR of wt1b expression in wildtype and wt1a morphants. (N, O) Double knockdowThereafter, wt1a expression was detected in the pronephric ﬁeld
throughout embryonic development (Figs. 2C, D). However, wt1bwas
not expressed in the LPM (Figs. 2H, I). From stage 25 onwards, wt1b
was expressed in overlapping domains with wt1a in the pronephric
ﬁeld (Figs. 2J, K).
During gonad development wt1a was speciﬁcally expressed at
stage 33 in the somatic cells (Fig. 2F). However, wt1b RNA levels were
not detectable in cells of the gonadal primordium during embryonic
development (Fig. 2L). Furthermore, nine days post fertilization (dpf),
wt1a RNA was detectable in the somatic cells of the undifferentiated
gonad of both sexes, whereas wt1b was not expressed in the
developing gonad (Figs. 2G, M). Thus, both medaka wt1 genes are
spatially and temporarily tightly regulated during embryonic devel-
opment and show differences in their expression domains.
In adult tissues wt1a and wt1b showed an overlapping expression
in the heart, kidney, spleen, testis and ovary (Fig. 2N). Additionally,
transcripts of wt1b were detected in gills, liver and muscle. However,
wt1b expression was much stronger expressed in the spleen and
wt1a expression showed elevated expression in the testis, which
could be due to a much broader wt1a expression in the testis. In adult
testis wt1a expression was detected in somatic cells, which by
location most probably are Sertoli cells, whereas wt1b
mRNA transcripts were restricted to the somatic cells of the testis
periphery being either germ cell supporting cells or Sertoli cells
(Supplementary Fig. S1).) Gene marker expression analysis at stage 33. (G–L) Knockdown of wt1a induces wt1b
ene expression in somatic cells of the gonad primordium. g, gut; nd, nephric duct. (M)
n of wt1a and wt1b causes a reduction in PGC numbers. (N, O) Stage 33.
184 N. Klüver et al. / Developmental Biology 325 (2009) 179–188Single morpholino knockdown of wt1a or wt1b has no inﬂuence on
gonadal primordium development
To investigate the functions of the Wt1 co-orthologs during gonad
development in medaka we used a morpholino antisense oligonu-
cleotide approach and analyzed the sox9b gene expression in the
somatic gonadal primordium. During gonad formation, sox9b is
expressed in somatic cells of the undifferentiated gonad independent
of the sexes and is so far the best characterized molecular marker for
the indifferent gonad in medaka embryos (Nakamura et al., 2008,
2006). The gonad contains two major cell lineages, germ line cells and
somatic cells. The PGCs reached the prospective gonadal region at
stage 33 (Nakamura et al., 2006). Therefore, we additionally
determined expression of olvas (vasa), a PGC and germ cell speciﬁc
marker. In MOwt1a injected embryos at stage 33 sox9bwas expressed
in the somatic cells of the gonad primordium and showed no obvious
difference to sox9b expression in control morpholino (coMOwt1ab)
injected embryos (Figs. 3A, E). Sox9b expression in wt1b morphants
was as well not altered at stage 33 (Fig. 3C). Furthermore, the PGCs
were not inﬂuenced by the singlewt1a andwt1b knockdown (Figs 3B,
D, E). Conversely, in either wt1a or wt1b morphants we detected an
abnormal pronephros development (Supplementary Fig. 2). During
early kidney development ftz-f1(SF1) is expressed in the interregnal
glands of the pronephros (Morinaga et al., 2004). In wt1a and wt1b
morphants ftz-f1 expression varied (Supplementary Fig. 2). Thus, we
suggest that wt1a and wt1b are involved in the formation of the
pronephric ﬁeld and have different and/or synergistic functions
during pronephros development in medaka.
Morpholino knockdown of wt1a results in up-regulation of
wt1b expression
Unexpectedly, in contrast towt1b expression inwild-type embryos
we observed in MOwt1a injected embryos wt1b expression in
early wt1a expression domains. In 83–87% of the wt1a morphants
transcripts of wt1b were detectable in regions of the LPM (Figs. 3G–I)
and in the pronephric ﬁeld (Fig. 3J). Also wt1b expression at stage 33Fig. 4. PGC speciﬁcation and migration of wildtype and wt1a/b morphant embryos. (A–D
MOwt1a/b+GFP-3′UTRzfnos mRNA injected embryo from stages 16–33. PGCs are speciﬁed iand 9 dpf in MOwt1a injected embryos was clearly detectable in
somatic cells of the gonad primordium (Figs. 3K, L), which is in strong
contrast to wild-type embryos (compare Figs. 2L, M). Moreover, the
up-regulation of wt1b expression in wt1a morphants was conﬁrmed
by quantitative real-time RT-PCR (qPCR) (Fig. 3M). On the contrary we
did not see any up-regulation of wt1a expression in the wt1b
morphants by qPCR (data not shown). This induced wt1b expression
in wt1a morphants suggests a direct or indirect transcriptional
repression of the wt1b gene through the Wt1a transcription factor.
Double knockdown of wt1a and wt1b causes a reduction in
PGC numbers
To analyze if the observed activation of wt1b expression in
somatic cells of the gonad primordium in wt1a morphants could be
the cause of a non-gonadal phenotype we performed a double
knockdown of wt1a and wt1b and screened sox9b gene expression.
In MOwt1a/b co-injected embryos, sox9b was clearly expressed in
the gonad primordium at stage 33 (Fig. 3N) and showed no
difference to the coMOwt1ab injected embryos (Fig. 3E). Compared
to coMOwt1ab injected embryos olvas expression in the wt1a or
wt1b morphants was not affected (Figs. 3B, D, F). However, in more
than 86% of the wt1a/b double morphants we detected altered olvas
expression that correlated with a reduction in PGC numbers at stage
33–35 (Fig. 3O). To obtain further evidence that both wt1 genes in
medaka are involved in PGC speciﬁcation and migration we injected
MOwt1a, MOwt1b or the combination of both morpholinos together
with GFP-3′UTRzfnos mRNA, which labels early PGCs during medaka
embryogenesis (Herpin et al., 2007). In all MOwt1a, MOwt1b (not
shown), and MOwt1a/b co-injected embryos PGCs were speciﬁed
and are clearly detectable at stage 16 (Figs. 4A, E). PGCs started to
migrate along the LPM (Figs. 4B, F), condensed (Figs. 4C, G) and
reached the prospective gonadal region (Figs. 4D, H). Thus, the PGC
speciﬁcation and the migration of PGCs towards the gonadal
primordium were not affected. In other words, wt1 genes in medaka
are not involved in PGC speciﬁcation and migration but in PGC
maintenance or survival.) Wild type embryo injected with GFP-3′UTRzfnos mRNA from stages 16–33. (E–H)
n wt1a/b morphants and migrate towards the prospective gonadal region.
Fig. 5. The wt1b promoter contains three putative Wt1(−KTS) binding sites and Wt1a
(−KTS) regulates the promoter activity in a dose dependent manner. (A) Three potential
binding sites (indicated by grey circles) are present in the ﬁrst 3.8-kb of the medaka
wt1b promoter. (B) wt1b promoter luciferase reporter assay in medaka cell lines. 293T
cells were transfected with the 3.8-kb wt1b promoter construct together with
expression constructs for Wt1a(−KTS) or pEGFP. Results are given in relative activation
of the reporter by the expression constructs compared to empty vector.
185N. Klüver et al. / Developmental Biology 325 (2009) 179–188The wt1b promoter contains potential Wt1 binding sites and
overexpression of Wt1a(−KTS) represses wt1b promoter activity
In order to examine a direct transcriptional regulation of wt1b by
Wt1awe performed a luciferase assay. We isolated a 3809 bp putative
wt1b promoter fragment. Based on the optimal consensus binding site
for WT1(−KTS) (Klattig et al., 2007) and several recently characterized
putative WT1 binding sites (Miyamoto et al., 2008), we identiﬁed
three potentialWt1 binding sites in the 3.8-kbmedakawt1b upstream
sequence (Fig. 5A). Next we examined whether Wt1a(−KTS) was able
to transactivate or repress this promoter. Using the 3.8-kb wt1b
promoter fused to a luciferase reporter plasmid, we determined
expression in the presence of different amounts of the Wt1a(−KTS)
plasmid. With increasing amounts the basal activation of the wt1b
promoter was clearly reduced (Fig. 5B). This repression of the wt1b
promoter reporter gene construct using Wt1a(−KTS) supports the
observedwt1b up-regulation in MOwt1a injected embryos. It suggests
a regulatory feedback circuit between medaka wt1 co-orthologs.
Discussion
In this study we identiﬁed two wt1 co-orthologs in Medaka and
analyzed their function during gonad development by a morpholino
knockdown approach. Our results showed a functional divergence at
the expression level, as well as functional redundancy at the protein
level, and indications for a regulatory back-up circuit between wt1a
and wt1b.
Asymmetric divergence of wt1 co-orthologs in teleost
After the duplication in the teleost lineage, the wt1 co-orthologs
evolved at different rates of molecular evolution (Table 1). This
suggests asymmetric sequence divergence whereby wt1b orthologs
evolved faster than wt1a orthologs. Asymmetrical evolutionary rates
between duplicated genes is a common phenomenon in teleost
genomes (Braasch et al., 2006; Brunet et al., 2006; Steinke et al., 2006).
Two principal forces can drive the asymmetric divergence of genes.
First, relaxed selective constraints, in which sequence divergence is
neutral, that is, it does not involve positive selection of advantageous
mutations on the more rapidly evolving gene. Second, directional
selection whereby divergence follows a selectionist scenario with
advantageous mutations playing a prominent role (Conant andWagner, 2003). However, to discriminate between the two cases is
difﬁcult due to more than 350 Myr that have passed after duplication
and the episodic nature of paralog evolution (Raes and Van de Peer,
2003).
Functional divergence of wt1 co-orthologs
Analyzing the duplicated wt1 genes in medaka, we identiﬁed
signiﬁcant differences in expression patterns and in a number of
functional aspects when compared with respective orthologs in
zebraﬁsh and tetrapods. Both wt1 genes in medaka are expressed in
the +KTS and −KTS isoform which is highly conserved throughout
vertebrate evolution and therefore strongly suggests a conserved
function in transcriptional regulation and splicing (Haber et al., 1991;
Hammes et al., 2001; Kent et al., 1995). Additionally, the splice
isoforms wt1a_dE4, which as well are present in the +/−KTS isoform,
indicate functional divergence of wt1 co-orthologs. The amino acid
sequence of exon 4 shows no sequence similarity to any known
protein domain. Interestingly, this alternative splice isoform is as well
transcribed in mouse and turtle but the function is unknown (Spotila
and Hall, 1998).
Medaka wt1a and wt1b mRNAs are maternally deposited. At
midblastula transition (MBT), only wt1a is expressed, whereas wt1b
expression starts not until around stage 25. In contrast, in zebraﬁsh
only wt1b mRNA is maternally deposited and after MBT (approxi-
mately 3 h post fertilization (hpf)) wt1b is expressed, whereas wt1a
expression begins at 6hpf (Bollig et al., 2006). Furthermore, differences
betweenwt1a andwt1b expression zebraﬁsh andmedaka exist in liver
expression. In zebraﬁsh wt1a is weakly expressed in the liver (Bollig
et al., 2006), whereas in medaka wt1b shows liver expression. Thus,
lineage-speciﬁc subfunctionalization of maternal deposition and
tissue-speciﬁc expression has evolved between wt1 duplicates after
the split of medaka and zebraﬁsh approximately 100 mya. Lineage-
speciﬁc subfunctionalization has also been found for a few other ﬁsh-
speciﬁc gene duplicates (Cresko et al., 2003; Jovelin et al., 2007; Kluver
et al., 2005; Postlethwait et al., 2004; Wittbrodt et al., 2002).
In addition, we ﬁnd evidence for functional divergence ofwt1a and
wt1b during pronephros development in medaka. The differences in
temporal expression ofwt1a andwt1b in the pronephric ﬁeld suggests
an early function of wt1a during pronephros development and a later
function for wt1b. Targeted knockdown of either wt1a or wt1b clearly
reveals the importance ofwt1 genes during interrenal and pronephros
development because bothwt1a andwt1bmorphants show abnormal
pronephros development. In zebraﬁsh reduction ofwt1a levels results
in defects in interrenal and pronephros development (Hsu et al., 2003;
Perner et al., 2007) and wt1b morphant embryos developed cysts in
the region of glomeruli and tubules (Perner et al., 2007). Mammalian
WT1 is expressed in the urogenital ridge andWt1 knockout mice lack
kidney, gonad, and adrenal glands (Kreidberg et al., 1993). With
respect to pronephros development, these results indicate that
medaka wt1 genes are functionally divergent in pronephros develop-
ment. In comparison, mammalian and ﬁsh Wt1 genes have similar
functions during kidney development.
Medaka wt1 genes in gonad development ensure PGC
maintenance/survival
The speciﬁc wt1a expression in somatic cells of the gonad
primordium is the ﬁrst reported wt1 expression during gonad
development in teleost ﬁshes. This suggests are role of wt1a during
gonad development. Thewt1a transcripts are restricted to the somatic
cells of the gonad primordium and wt1 genes are not expressed in
PGCs during developmental stages. This in contrast to mice, where
Wt1 expression has been reported in E12 PGCs (Natoli et al., 2004).
However, wt1a and wt1b morphants in medaka have no defects in
gonad development, and the somatic cells of the gonad primordium
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primordium have been suggested to be common precursors of both
Sertoli cells and granulosa cells (Nakamura et al., 2008). Furthermore,
in MOwt1a/b co-injected embryos sox9b expression is detectable in
somatic cells of the gonad primordium. Thus, we detected no defects
in speciﬁcation of the somatic gonadal precursors and no decrease in
gene expression in the somatic cells of the gonad in wt1a/b
morphants, suggesting that the disruption of Wt1a and Wt1b is not
resulting in a decline of gonad somatic cells. In mice, Wt1 is already
expressed within the undifferentiated gonad and its importance there
has been shown in Wt1−/− mice, in which the gonads undergo
apoptosis (Kreidberg et al., 1993). Wt1 is required for the survival and
proliferation of cells in the genital ridge and is required for Sox9
expression during testis development (Gao et al., 2006; Kreidberg et
al., 1993). Additionally, in vitro experiments suggested a role for Wt1
during sex determination, whereby Wt1 is responsible for transcrip-
tional activation of Sry, the mammalian male sex determining gene
(Hossain and Saunders, 2001). Our results indicate that wt1 genes in
medaka are not required for sox9b expression in somatic cells of the
gonad primordium. The inﬂuence of wt1 genes on sex determination
has to be studied in detail, but wt1a, wt1b and wt1a/b morphants die
shortly before or after hatching probably due to non-functional
pronephros and additional embryonic malformations.
In MOwt1a/b co-injected embryos PGC numbers are strongly
reduced at stages 33–35, whereas the speciﬁcation and migration of
PGC are not disturbed and a somatic cell population of the gonad
primordium is present. Several studies in mice have shown that loss of
Wt1 function is correlated with a loss of germ cells (Gao et al., 2006;
Natoli et al., 2004; Rao et al., 2006). Gao et al. (2006) suggest that the
loss of germ cells in mutant testes is secondary to Sertoli cell loss,
whereas Natoli et al. (2004) suggests a cell autonomous role ofWt1 in
germ cells but the function remains to be determined. A newmodel is
provided by Rao et al. (2006), in which Wt1 expression in nurse cells
controls germ cell survival by being essential for the formation and
normal function of a specialized junction complex that forms between
Sertoli cells and germ cell. While causing germ cell apoptosis, loss of
Wt1 did not cause apoptosis or obvious ultrastructural defects in
Sertoli cell (Rao et al., 2006). Thus, decrease in post-migratory PGCs in
wt1a/bmorphants suggests a conserved role of wt1 genes in germ cell
survival or maintenance during evolution.
Furthermore, it will be interesting to investigate whether dif-
ferences in wt1 duplicate functions and divergence of sex determina-
tion systems correlate among the different teleost lineages.
Evolution of a regulatory back-up circuit of wt1 duplicates in medaka
Usually, retention of additional copies of a gene in the genome is
unlikely as only one copy is required to fulﬁll the gene function(s).
Nevertheless, in many cases where both copies of a duplicated gene
have still been retained, it is assumed that a duplication is preserved
due to a direct impact on ﬁtness or partially redundant function(s)
(Kondrashov and Kondrashov, 2006; Ohno, 1970). To the best of our
knowledge in all cases in which functional redundancy of duplicated
genes in metazoans has been described, the two copies are expressed
in (partially) overlapping expression domains (Herradon et al., 2005;
Phillips et al., 2006; Prince and Pickett, 2002; Solomon and Fritz,
2002). Further, the disruption of one gene copy at time often lacks a
phenotype or causes only modest variable defects, whereas the
disruption of both genes produces novel defects in addition to the
phenotypes of each single mutant (Prince and Pickett, 2002; Thomas,
1993; Wagner, 2005). In contrast, we found an unexpected up-
regulation as well as induction of wt1b expression in wt1a expression
domains in MOwt1a injected embryos. This, together with the
luciferase based wt1b promoter assays, suggests that Wt1a represses
wt1b expression during early development andWt1b can compensate
the knockdown of Wt1a to ensure PGC maintenance and/or survival,but not pronephros development. This indicates a divergent function
during pronephros development as it has been shown for zebraﬁsh
wt1 co-orthologs (Perner et al., 2007). Several such back-up genes
show genetic redundancy through responsive backup circuits, which
means conditional co-regulation of these genes within a transcrip-
tional network (Kafri et al., 2006). So far, functional substitution by a
duplicated copy not expressed in overlapping expression domains in
the wildtype has not been shown. Transcription networks during
development and in general are highly regulated, with abundant
feedback at the level of self-regulations and cross-talks (Alon, 2007).
How did this proposed cross-talk of wt1 genes in medaka evolve?
Interestingly, studies in mice have demonstrated that WT1 is a
powerful direct repressor of its own expression by binding to its own
promoter emphasizing its critical role as a transcriptional regulatory
protein during development (Rupprecht et al., 1994). In the luciferase
basedwt1b promoter assay we could show that Wt1a(−KTS) regulates
thepromoter activity andhighexpression levels represswt1bpromoter
activity. It is known that WT1 in mammals can act as a negative
regulator (Chang et al., 2008; Hohenstein and Hastie, 2006; Roberts,
2005). Medaka Wt1a seems to have repressive function on wt1 gene
expression during embryonic development. This suggests subfunctio-
nalization of the autoregulative function in medaka wt1 co-orthologs
and indicates a conserved mechanism ofWt1 negative-autoregulation
from ﬁsh to human (Malik et al., 1994; Rupprecht et al., 1994). We
cannot exclude that Wt1a is a repressor of it own transcription. In situ
hybridization ofwt1a in MOwt1a injected embryos showed a stronger
signal than wild-type embryos (not shown). This can be due to
transcript-stabilization of the morpholino targeted mRNA (Gajewski
et al., 2003). Therefore, a detailed promoter analysis would help to
clarify in detail the crosstalk between wt1 co-orthologs.
Gene duplication can cause functional redundancy, which would
then allow plasticity of physiological processes during development
and evolution. In the case of wt1 genes in medaka, the cross-talk
between wt1 genes and their functional redundancy in PGC and germ
cell survival – mediated most likely through a direct regulatory
interaction that evolved from an autoregulatory property of the
ancestralWt1 gene – are advantageous for reproduction. Any defect in
wt1a during gonad development, which would result in a decrease of
wt1a expression or a non-functional protein would increase wt1b
expression and therefore ensure PGC survival and additionally
reproduction. The establishment of this regulatory cross-talk between
the wt1 co-ortholog might have been under positive selection during
evolution of the medaka lineage because it would give an immediate
ﬁtness advantage due to its direct inﬂuence on fertility.
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